0 Because hypoxia is one of the most common major stresses to which a neonate is exposed, we postulated that it alone might be the cause of intestinal bacterial translocation, which could be the underlying etiology of neonatal sepsis. An animal model, in which hypoxia is the sole stress, was developed in our laboratory and tested in 18 puppies to determine the effect of hypoxia and reoxygenation on intestinal bacterial translocation.
H
YPOXIA AND hypothermia are common physiological stresses to which neonates are exposed. These stresses have been associated with varying degrees of small bowel mucosal injury.' While the precise etiology of the bowel injury remains unclear, major associated factors include direct ischemia,2,3 with bacterial invasion of compromised tissue4 as well as oral feedings,576 exchange transfusions,7,8 umbilical vessel catheterization,9 and indomethacin therapy. lO Clinically, neonates with this type of intestinal injury may present in many different ways such as bacteremia alone, septic shock without focal infection, or bowel necrosis and perforation. Histological descriptions of the injured intestine range from focal mucosal ulceration and denudation of villi, to severe transmural necrosis of the bowel wall. ' We postulated that these clinical outcomes may be the result of hypoxia-reoxygenation injury to the small bowel mucosa with subsequent translocation of bacteria and resultant sepsis. If this is the pathophysiologic sequence, this injury should be associated with lipid peroxidation secondary to an alteration of iron storage and decompartmentalization of the calcium ion pool. Therefore, an animal model, in which hypoxia is the sole stress, was developed and tested in puppies to determine the effects of hypoxia and reoxygenation on small bowel mucosal physiology and bacterial translocation.
MATERIALS AND METHODS

Experiment
Eighteen immature (6 week old) mongrel puppies weighing 2 to 3 kg were divided into three groups. On the experimental day, each puppy received a 2.5 mg/kg dose of xylazine hydrochloride subcutaneously, followed by 20 mg/kg of intravenous pentobarbitol. The puppies were intubated and placed on volume ventilation (40 mL/kg) with an FIOr of 21%. Under local Zylocaine anesthesia, a cutdown on the right and left femoral vessels was performed. The femoral artery was cannulated and monitored by a Waters PRD-15 physiological recorder to measure blood pressure. One femoral vein was canulated with a 5F Pediatric Swan-Ganz Flow-Directed Thermodilution Catheter (Baxter Healthcare Corp, Santa Ana, CA), which was attached to an Oximetric-3 cardiac output computer. The other femoral vein was cannulated and a continuous intravenous infusion of 0.9 normal saline was given at a rate of 30 mL/h.
Using sterile technique, a midline laparotomy was performed. A small vein along the small bowel mesentery was cannulated with a silastic catheter that was advanced under direct vision into the superior mesenteric vein (SMV). A laser Doppler probe was sutured to the antimesenteric side of the terminal ileum 10 cm proximal to the cecum. The laser probe was attached to a where DO1 = oxygen delivery; BF = mucosal blood flow; SO* art = MedPacific LD6000 Laser Doppler capillary perfusion monitor.
arterial oxygen saturation. Mucosal oxygen consumption was calcuThe SMV catheter was flushed with 2 mL of 0.9 normal saline lated as a change from the values determined during the stabilizacontaining 100 U/mL of heparin. The abdomen was then closed tion phase using the following equation: except for a l-cm portion through which the SMV cannula and the laser Doppler probe exited. The animals were then monitored for 30 minutes for stabilization of their blood pressure and arterial blood gases. Arterial and SMV blood gas analysis was performed with a Radiometer ABW Blood Gas Analyzer.
In group 1 animals (n = 8), the inspired FI02, measured by a Beckman Model D Oxygen Analyzer, was reduced to 9% by using a nitrogen washout technique. The FIOz was maintained continuously for 90 minutes. After 90 minutes, the FIOz was increased to 21% for a 2-hour reoxygenation phase. The entire hypoxic and reoxygenation portion of the study was performed in a neonatal isolette with radiant warming, while core temperatures were monitored with the Swan-Ganz catheter and maintained at 37°C.
Mean arterial pressure (MAP), cardiac output (CO), arterial and SMV blood gases. and bowel mucosal blood flow were monitored and recorded every 15 minutes during the hypoxia and reoxygenation phases. Blood samples for arterial and SMV lactic acid, arterial lipid peroxidation byproducts, thromboxane Bz (TBX), prostaglandin Ez (PGE), leukotrienes B4 (LT), tumor necrosis factor (TNF), and interleukin-6 (IL-6) were taken every 30 minutes during hypoxia and after 1 and 2 hours of reoxygenation.
After 2 hours of reoxygenation, the SMV catheter and laser Doppler were removed and the abdomen closed using sterile technique. The femoral catheters were removed and the two veins and one femoral artery were ligated. The animals were then allowed to recover from anesthesia and placed in steel cages. The cages were warmed by a radiant heat source and the puppies were allowed food and water ad libitum. All recommendations and guidelines for animal use as designated and approved by the University of Michigan Unit for Laboratory Animal Medicine were followed.
After 24 hours, the animals were again anesthetized with xylazine and pentobarbitol; and, under sterile conditions, separate specimens of the spleen, liver and mesenteric lymph nodes (MLNs) were harvested for bacterial identification and quantification. One-centimeter sections of the proximal jejunum and distal ileum were harvested and immediately placed in formalin for histological analysis.
Group II (n = 7) animals were treated the same as group I; however. the FIO? was maintained at 21% throughout the experiment. Group III (n = 3) animals were killed, without intervention, for bacterial evaluation.
Physiological Measurements
Small bowel mucosal oxygen delivery was calculated as a percent change from baseline values, which were established during the stabilization phase. The percent change from baseline was calculated using the following formula: where GC, = mucosal oxygen consumption; BF = mucosal blood flow; SOlart = arterial 02 saturation: SOzsmv = SMV 02 saturation; CO? = oxygen content arterial or SMV.
Mediator Assays
Lactic acid was determined calorimetrically with a procedure previously reported by Barker and Summerson." Free radical activity was determined by using a fluorescent products assay'* while TNF and IL-6 were determine using bioassay techniques.L3-'S Arachidonic acid metabolites were also assayed by well-established techniques.'6-'8
Bacterial Transfocation
The MLN, spleen, and liver specimens were weighed and placed in a sterile glass grinding tube containing sterile brain heart infusion media (BHI), then homogenized. Portions of the MLN, spleen, and liver homogenate and the blood were cultured on blood and laked blood agar plates. The blood agar plates were incubated at 37°C for 24 hours in a 5% CO? environment. The laked blood agar plates were placed in a sealed container using the BBL Gas Pak PLUS system for anaerobic culturing and incubated for 48 hours at 37°C. After 24 hours the plates were evaluated for the types and number of each colony. Each colony type was characterized descriptively by Gram stain.
Each aerobic colony was then plated on MacConkey's agar (to inhibit gram-positive organisms) and CNA agar (to inhibit gramnegative organisms). The plates were then incubated aerobically for another 24 hours. The CNA colonies were then subjected to a catalase test. A positive test (bubbles) led to an evaluation by the Staph API system while a negative result (no bubbles) led to an evaluation by the Strep API system. The MacConkey's colonies were evaluated by the oxidase test. A positive test led to an evaluation by the API-NFI (nonfermentors) system. A negative test led to an evaluation by the API-20E enterobacteria evaluation system.
Each aerobic colony was replated on blood agar and laked blood agar and reincubated for 48 hours. This process identified any facultative anaerobic colonies and identified the pure aerobic colonies. These colonies were then evaluated by the API-Anerobe system along with the initial colonies that grew under anaerobic conditions.
All results are reported in CFU/g (colony forming units per gram of tissue) for each type of colony and each type of tissue (MLN, spleen, liver, or blood).
Morphological Analysis
One-centimeter portions of the jejunum and terminal ileum were obtained and immediately immersed in 10% buffered formalin. The tissues were embedded in parrafin for sectioning and evaluation following hematoxylin and eosin staining. The specimens were then evaluated by a pathologist who was blind to which groups the specimens came from. The specific criteria evaluated were the degree of subepithelial edema, degree of lamina propria edema, leukocyte infiltration, denudation of the villi, and the degree of vascular congestion.
Statistics
Statistical analysis was performed on the Michigan Interactive Data Analysis System (MIDAS) using univariate and repeated measures analysis of variance, with P values less than 0.05 considered significant.
RESULTS
Physiological Response
Group I systemic PO1 levels decreased 75% (118 mm Hg to 30 mm Hg) while SMV PO2 decreased 64% (55 mm Hg to 20 mm Hg) during the hypoxic phase. Arterial and SMV oxygen partial pressures returned to baseline values immediately after the reoxygenation phase was begun.
There was a marked reduction of 60% in mucosal blood flow in group I (compared with group II) during hypoxia (P < .OOl). The reduction occurred gradually, reaching a nadir after 60 minutes of hypoxia. Recovery of mucosal blood flow after reoxygenation was slow, requiring 2 hours of reoxygenation to return to baseline levels (Fig 1) .
The combination of decreased systemic POz and a decreasing mucosal blood flow resulted in a marked reduction in oxygen delivery of 80% (Fig 2) . Even though reoxygenation occurred after 90 minutes of hypoxia, oxygen delivery did not return to baseline until 2 hours after reoxygenation was initiated. This phenomenon was primarily due to the slow recovery in mucosal blood flow. _A plot of the average mucosal oxygen consumption (VO,) versus the average mucosal oxygen delivery (DOz) of group I animals ( Fig 3A) demonstrates that a decrease of greater than 70% in mucosal oxygen delivery can occur before O2 consumption falls and anaerobic metabolism is initiated. Oxygen delivery did not decrease by 70% until after 60 minutes of 1.5 . hypoxia (Fig 2) . The anaerobic state was then maintained for only 30 minutes.
1.6
When reoxygenation started, a second V02-DO2 profile occurred (Fig 3B) . Even though normal POz levels were being supplied to the mucosa, baseline O2 delivery could not be achieved because of the slow recovery in mucosal blood flow. As mucosal blood flow recovered, a state of overconsumption occurred, characterized by an increase in oxygen extraction.
1.2
The CO and MAP were not significantly affected by hypoxia.
Anaerobic Metabolism
Anaerobic metabolism is necessary for the production of substrates for formation of free radicals following reoxygenation. Arterial and SMV blood lactic acid levels were measured. An increase in lactic acid levels was seen but this increase was not statistically significant (P > .05, group I v group II; Figs 4 and 5). Therefore, significant anaerobic metabolism was not initiated in the mucosal circulation, even after severe systemic hypoxia. 
Free Radical Activity
formation or peroxidation of the cellular lipid bilayers. Serum levels of fluorescent products (lipid peroxidation or free radical activity) showed a slight increase in group I compared with group II; however, this was not statistically significant. Therefore, the hypoxic stress and subsequent reoxygenation in this model was not capabIe of initiating free radical
Mediators
The arachidonic acid metabolites from the cyclooxygenase pathway, TBX and PGE, and the lipoxygenase pathway, LT were affected differently. TBX was markedly elevated in both groups I and II (Fig 6) . This elevation is most likely related to the stress of the surgical preparation because the levels were similar in both groups and were not affected by hypoxia. The prostaglandins increased late in the reoxygenation phase in group I (Fig 7) ; however, this was not a statistically significant increase. LTs remained near baseline levels in both groups I and II. Serum levels of the cytokines TNF and IL-6 were likewise affected differently. TNF levels remained near baseline in both groups I and II (Fig 8) . However, IL-6 was markedly elevated in group I compared with group II (P < .05) and remained elevated throughout the experimental study period (Fig 9) .
Histological Analysis
Histological evaluation revealed only minimal changes in intestinal mucosal histology in the group I animals. The intestine of group I animals occassionally demonstrated submucosal edema but to a very minor degree. Mucosal villous architecture was maintained in both group I and group II specimens. Leukocyte infiltration and vascular congestion were not present in either group I or group II at 24 hours after the hypoxia-reoxygenation insult.
Bacterial Translocation
Group III (n = 3) animals were killed without intervention and bacterial analysis was performed. No animal in group III had bacteria in the MLNs, spleen, or liver. In group II, bacteria were present in 50% of the spleen and 33% of the liver specimens but there were no bacteria in any of the MLN specimens. In contrast, group I animals showed a 67% incidence of bacteria in the spleen, 33% incidence in the liver, and a 50% incidence in the MLNs (Fig 10) . coli and Klebsiella, but predominantly Staphlococcus species. It appears that a combination of laparotomy, mesenteric cannulation, and manipulation of the bowel led to significant bacterial translocation into the portal system, a process that appeared to be independent of the hypoxic stress. However, the lymphatic system was not affected by bowel manipulation or laparotomy but was affected by the hypoxiareoxygenation insult. Bacterial density (CFU/g) was similar in the spleen and liver of groups I and II ( Fig  11) .
DISCUSSION
Experimental studies of adult feline small bowel exposed to hypoxia have demonstrated the produc- tion of a mucosal lesion characterized by massive epithelial lifting and denuded villi with disintegration of the lamina propria, hemorrhage, and ulceration. 19 Hypoxic and hypovolemic injury in puppies has produced microvascular platelet and neutrophil aggregates with endothelial cell disruption and intracellular disorganization of the mucosal cells.20 These experimental lesions correlate well with the described histology of human bowel injury.' Experimental tissue damage has been associated with widespread functional impairment and an increased mucosal microvascular permeability to substances with molecular weights between 680 and 68,000.21~22 Some investigators have proposed that it is the immaturity of the neonatal gut that initially allows uptake of macromolecules, thus permitting absorption of toxic products from growing bacteria and finally resulting in intestinal damage.23%24
It has been postulated that these injuries represent a spectrum of physiological responses, probably related to the level and duration of hypoxia, the condition of the host, and the timing and effectiveness of resuscitation measures. Superoxide radicals formed during postischemic reperfusion have been directly implicated as one of the elements in the pathogenesis of ischemic mucosal lesions25+26 and increased microvascular permeability. 6 When hypoxia reaches a critical level, depletion of adenosine triphosphate (ATP) stores occurs and anaerobic metabolism ensues. The breakdown of ATP and the release of its high-energy phosphate bond results in the irreversible production of hypoxanthine. When reperfusion oxygen becomes available, hypoxanthine is converted to xanthine and superoxide radicals are generated. Once superoxide radicals are formed and reperfusion oxygen supplied, mucosal injury occurs.
The intestinal mucosa is the major barrier preventing bacteria from gaining access to the gut and systemic organs and tissues. Factors that promote translocation include: disruption of the ecology of the indigenous gastrointestinal microflora leading to bacterial overgrowth,'7 impaired host immunity,** and physical disruption of the gut mucosal barrier from direct chemical injury,29 endotoxin3* and hemorrhagic shock.31
Deitch et al have shown, in multiple studies, that the translocation of bacteria to MLNs and, subsequently, to the liver and spleen is dependent on multiple synergistic factors. In health, indigenous bacteria are probably in a state of continuous translocation from the gastrointestinal tract at a very low rate. The translocating bacteria are killed either en route through the lamina propria or in situ in the recticuloendothelial organs such as the MLNs. However, with interventions such as oral antibiotics, the ecological equilibrium in the gastrointestinal tract is disrupted and concomitant bacterial translocation occurs but host defenses confine this to the MLNs. With immunosuppression,32 hemorrhagic shock,31 endotoxin, or protein malnutrition,33 the translocating bacteria get past the MLN to the spleen, liver, and blood stream. These factors enable the bacteria to overpower the host defenses.
Thus, the mucosal injury that occurs in hypoxiareoxygenation states could be expected to enhance bacterial translocation as well. With the natural immunocompromised state of neonates, translocation could occur without significant necrosis of the bowel. It is this intermediate state that we postulated could result in neonatal sepsis, where there is no focal infection or gross organ injury.
To reduce oxygen delivery in our model, we used the most severe systemic hypoxia that could be applied without rapid hemodynamic deterioration occuring. It is the decline in O2 consumption, however, that indicates inadequate oxygen supply at the cellular level, impending anaerobic metabolism and substrate accumulation for free oxygen radical formation. In the present model, mucosal oxygen consumption started to decline only after O2 delivery was reduced by more than 70%. This decline in oxygen consumption did not occur until 60 minutes of hypoxia and was predominately related to a gradually declining mucosal blood flow. Ninety minutes of hypoxia resulted in only 30 minutes of true tissue oxygen deprivation.
The delayed change in mucosal blood flow suggests that metabolic processes at the cellular level are occuring over time and may be the etiology of the decreased mucosal perfusion. With reoxygenation, mucosal blood flow also recovered slowly, again suggesting a time-dependent biochemical process was taking place. The explanation for the overconsumption of oxygen once bowel blood flow did return to baseline is not readily apparent.
Systemic and splanchnic lactic acid levels increased but not to a significant degree, indicating that anaerobic metabolism was not predominant. The absence of a systemic anaerobic state is consistent with the observation that lipid peroxidation byproducts did not rise either. Even though severe systemic hypoxia was induced, it was only in the very late stage that mucosal oxygen consumption declined and anaerobic metabolism began to occur. Free radical-mediated injury was not initiated in this model.
The arachidonic acid metabolites, TBX and PGE, from the cyclooxygenase pathway have well-known hemodynamic effects in models of hypotension and septic shock. In this model, PGE was not significantly elevated between groups I and II. However, TBX was markedly elevated in both groups I and II, suggesting that the laparotomy and bowel manipulation by themselves will initiate TBX production. The hypoxic insult introduced in group I did not alter the TBX elevation. LTs, from the lipoxygenase pathway, were not altered from baseline in either groups I or II. Thus, arachidonic acid metabolites do not appear to be significantly induced during hypoxia.
TNF was not elevated in either group I or group II to a significant degree. However, IL-6 levels were markedly elevated in group I during hypoxia. Previous investigations have concluded that the formation of IL-6 is the result of elevation in TNF and that these cytokines cause hemodynamic instability.34 This model demonstrated a hypoxia-driven elevation of IL-6 independent of TNF or any of the arachidonic acid metabolites. However, the elevation in IL-6 did not result in any changes in hemodynamic parameters.
Only minimal histological injury could be demonstrated in group I animals. This minimal injury is to be expected because anaerobic metabolism and lipid peroxidation were not initiated until very late. The minimal submucosal edema that was demonstrated in some of the specimens is the earliest sign of mucosal injury.
Even though anaerobic metabolism did not occur and significant histological disruption of the mucosa could not be generally demonstrated, bacterial translocation of aerobic species to MLNs resulted from hypoxia. Bacteria were found in the liver and spleen of both groups I and II. It appears that manipulation and cannulation of the bowel portal circulation may explain the high bacterial load in the normoxia and hypoxia groups. The data from these experiments support the conclusion that hypoxia is capable of allowing bacterial translocation through intact mucosal barriers and into the lymphatic system. Additionally, this study has shown that, even under severe and prolonged hypoxic conditions, the small bowel mucosa is capable of maintaining aerobic metabolism and avoiding a reperfusion/reoxygenation injury. The addition of an ischemic injury to hypoxia in this model would certainly have initiated anaerobic metabolism earlier and a significant reoxygenation injury would most likely have occurred.
Discussion
Robert Arerzsman (Chicago, IL): It is very interestno major metabolic derangements in these puppies. ing to me that this study shows that the experimental The investigators were not able to detect major animals, subjected to what most of us would consider mucosal damage in these particular animals, and yet a rather severe hypoxic stress, were showing the there was a major change in the amount of bacterial process of bacterial translocation, and yet there were translocation.
In the past, we looked on the appearance of portal air as a very poor prognostic sign in children with necrotizing enterocolitis. We were surprised to discover with Doppler that air in the portal system was actually an early and common sign of necrotizing enterocolitis. These last two papers are showing once again that our ability to detect and measure subtle alterations in the delivery and consumption of oxygen may be the very early signs of hypoxia/reperfusion problems.
Certainly the conclusion here is that there were major derangements in these puppies with very minimal microscopic findings. How do you see that we can apply this information we are hearing this morning to more carefully identify and monitor children who are at great risk for hypoxic episodes, particularly children likely to develop necrotizing enterocolitis or children likely to suffer hypoxia associated with surgical stress or severe trauma?
Robert Foglia (St Louis, MO): You describe a decrease in your blood flow with return to oxygenation. Would you not expect to see increased blood flow? Could capillary endothelial swelling due to edema be the factor which has limited your blood flow during your reoxygenation period? Would that delay the change in blood flow?
Burton Harris (Boston, MA): This is really a powerhouse paper, and I congratulate the authors for their experimental design and for the way in which the experiment was carried out. They touched every conceivable base.
Two questions: first, did you culture the stool to be sure that the organisms you were finding came from the bowel; and second, do you have any plans to go back and use this model with blocking agents to some of the potential mediator compounds?
David Collins (San Diego, CA): I think I recall from medical school physiology that the dog normally has bacteria in its liver so I am not sure how much it contributes to the problem to assess that factor. I would also like to ask the authors if the puppies had any signs of discomfort while being severely deprived of oxygen and was there any form of sedation or anesthesia used? Donald Nuss (Norfolk, VA): Did you do any blood cultures on any of the specimens?
J. Lelle (response): Previous models of bowel injury have used arterial clamping or occlusion; however, there is no evidence that neonates undergo this type of insult prior to the development of necrotizing enterocolitis or neonatal sepsis. There is, however, evidence that hypothermia and hypoxia occur commonly and to varying degrees. This study was conducted to look at one isolated stress and hypoxia was the one chosen.
There is some question in the literature as to how well fetal bowel mucosa responds to physiological stresses when compared with infant, adult, or premature mucosa. This experiment used an infant model and represents a pilot study. Further studies compare the physiological responses of other age groups are needed.
Blood cultures were done on all animals; however, no positive cultures were demonstrated in any animal. Stool was cultured in most but not all animals. We found that the bacterial levels were consistent with those reported by Deitch and others to be sufficient to allow bacterial translocation under some types of stresses but not spontaneously.
The bacteria noted in the MLNs were enterics, predominantly E coli and Staphylococcus species. There was no anaerobic bacterial translocation in any animals. The bacteria found in the spleen and liver specimens were mostly S epidemidis and were felt to be contamination from our system of cannulating the mesenteric vessels and manipulation within the abdomen.
The animals were anesthetized completely during the entire study period with intermittent doses of pentobarbital and were without discomfort. No animal demonstrated diarrhea or any form of sepsis preoperatively or postoperatively in the 24-hour observation period. These animals were "acute" and not conditioned animals. However, any animal that presented with diarrhea prior to the experiment was eliminated from the study.
In response to the theory that interstitial swelling caused the delayed change in mucosal blood flow, it should be noted that mucosal blood flow was found to be back to normal in all animals after 2 hours. Therefore, one would have to hypothesize that interstitial fluid swelling could occur and return back to baseline within 2 hours. While that may be the case, we have no evidence in this model to prove or disprove this theory, although I feel that this is an unlikely explanation.
